A great deal of work has been done with respect to boron in plant life. However, due to the greater economic importance of boron deficiency most of the research has been focussed on the deficiency rather than the toxicity aspect.
Eaton (5) noted that boron toxicity injury was observed in a number of species at or below the substrate concentration which resulted in greatest growth. He concluded that there is considerable overlapping between injurious and beneficial effects of boron within plants. - Eaton (6) noted that in a number of species there is a steep concentration gradient of boron from the center to the margin of the leaf. This may be the key to an explanation for the overlap of the two boron effects. Under normal conditions the concentration of boron may be approaching a threshold toxicity value at the leaf margins, without reaching an optimal level in the rest of the leaf. If then the major part of the leaf has normally a suboptimal boron concentration, a slight increase in substrate B might be expected to cause an increase in growth even if it also caused some toxicity effects. Thus the toxic and beneficial effects of boron may be quite distinct and their overlap may be caused only by the distribution of the element in the leaf. Another possible explanation for the overlap of the two effects is that boron toxicity results from the deleterious acceleration of reactions in which the element normally participates. This explanation has been pointed out 1 Received revised manuscript February 1, 1960 . 2 The work was carried out while the author was the University Fellow in Plant Physiology. 3 Present address: Department of Biology, University of Southern California, ILos Angeles.
by Gauch and Dugger (8) , but they appear to favor the idea that the two effects are quite distinct and not centered on common reactions. If either of the above explanations of the overlap is valid, a study of boron toxicity while giving much needed data on this aspect of the problem should also throw some further light on the normal functions of boron in plants.
In any comparative study it is essential to keep the number of variables as small as possible. One variable often found in boron deficiency studies is the difference in physiological age between normal and deficient plants at the time of comparison. For instance in the work of McIlrath and Palser (17) the normal tomatoes had 12.8 leaves per plant while the deficient ones had only 6.8 leaves, and the phloem was necrotic in the latter. Since this is an important variable it is possible that its effect may obscure the primary effect of boron. Thus in the work of Johnston and Dore (13) it is not certain whether the accumulation of sugars in the leaves of deficient plants was due to necrosis of the phloem or to a direct effect of boron on sugar transport. Since boron toxicity can be induced very rapidly in already mature tissue, a comparative study using plants suffering from slight boron toxicity, in place of the deficient plants, should be free from such variation in physiological development.
Although a great deal of work has been done on the essentiality of boron for plant life, there is still some controversy as to the function of boron. In recent years the majority of workers have given support to the idea that boron is involved in carbohydrate metabolism (reviewed by Gauch and Dugger, 8). Gauch and Dugger (7, 8) suggested that boron facilitates the movement of sugars in the plant by forming a more freely permeable boron-sugar complex or by joining with the cell membrane in a way that makes it more permeable to sugars. Dugger et al (4) noted that boron affected the starch-sugar balance of bean leaf discs, and with potato starch phosphorylase they showed that boron inhibits the reaction: Glucose-1-phosphate--->Starch + inorganic phosphate. They concluded that boron affects the rate of translocation of sugars through the effect on the sugarstarch balance of the leaf. Spurr (23) examined the petiole of boron deficient celery prior to the onset of phloem necrosis. The walls of the phloem parenchyma were thicker and those of the collenchyma thinner than normal. This may be due to impeded translocation of sugars in the (leficient plants, or to a more rapid sugar polymerisation in these plants leading to a build up of cell wall material in cells near the source but less wall material in more remote cells such as the collenchyma. Similarly Odhnoff (19) and Mcllrath and Skok (18) propose that boron exerts an influence on cell development. Odhnoff (19) concludes that this is brought about by boron exerting a control over the synthesis of polysaccharides and she maintains that this is a more fundamental effect than the apparent effect of boron on sugar translocation.
From a comparative study of normal and boron (leficient tomato, turnip, and cotton, McIlrath and Palser (17) concluded that the apparent effect of boron on translocation was secondary, being caused by necrosis of the phloem in boron deficient plants. This conclusion is based on the fact that the deficient cotton plants were free from phloem necrosis and had in fact a lower soluble carbohydrate level than normal cotton plants. However, their data for cotton upholds the theory of Dugger et al (4) in that the ratio of starch/sugar was higher in the deficient than in the normal plants. Whittington (26) studying the effect of boron deficiency on germinating beans suggested that boron primarily affects the rate of cell division and not the extent of cell development. Despite a great deal of contrary evidence (19, 22, 23, 24) he renews the idea of Winfield (28) that boron is essential for pectin synthesis. It should be noted here that he is proposing the essentiality of boron in pectin synthesis, whereas Dugger et al (4) and Odhnoff (19) suggest that boron regulates a balance between sugars and polysaccharides and may even retard sugar polymerisation.
It seems therefore that despite the great deal of evidence favoring the idea that boron plays an essential role in carbohydrate metabolism, there is still doubt as to whether this is a primary role of the element.
Earlier it was pointed out that comparative studies using boron deficient and normal plants have certain disadvantages not inherent in studies with plants receiving toxic amounts of boron. The apparent overlap of the toxic and beneficial effects of boron was also mentioned. The present work was designed to perform a twofold task. First, to gain some information on the metabolism of slight boron toxicity. Second, to investigate the effect of boron on carbohydrate metabolism with particular reference to the sugar-starch balance of the plant.
Month-old sunflower plants were used, partly because they produce good boron toxicity reactions from the standpoint of localization at the perimeter, and partly because they produce fairly large amounts of leaf starch. Toxicity symptoms were induced by adding 50 ppm of boron to the culture solution 4 days prior to harvesting the plants. At this point the toxicity symptoms were confined to the extreme edge of the leaf (fig la) . (25) was used.
MATERIALS
The respiratory quotients of treated and control leaves were determined by the direct method (Umbreit et al, 25) on leaves from which the midribs had been removed in 200 ml reaction flasks.
Because respiratory changes measured in leaves from plants grown under toxic boron levels may be a secondary response, measurements of the direct effect of boron on the respiration of the leaves were made. This was determined by infiltrating borate solutions into leaf discs taken from month-old sunflower plants grown in 1H nutrient. Two hundred discs were placed in each of the following boric acid solutions: 0, 150, 300, and 450 ppm boron; infiltration was achieved by repeated evacuation. Oxygen uptake values (20 discs/treatment) were determined 4 hours after the discs were placed in the boric acid solutions.
Carbohydrate and nitrogen determinations were carried out on the remaining parts of the leaves from the first three oxygen uptake determinations. The material was frozen with powdered C02, placed in Pyrex beakers, and then lyophilized in an apparatus similar to that described by Yamaguchi and Crafts (29) . In the third experiment roots were also used. The dried material was ground in a Wiley mill to pass a 40 mesh screen.
The soluble sugars were extracted in 80 % ethanol (11) . The reducing sugars in this extract were estimated by the ceric sulfate method of Hassid (10) and the total sugars by the same method following a 30 minute hydrolysis on a steam bath with 3 N HCl. The starch in the residue from the alcohol extraction was extracted with 52 % perchloric acid and assayed according to the method of Macready et al, (16) .
The acid insoluble (5 % TCA) nitrogen of the plant material was determined by the micro-Kjeldahl method employing mercuric sulfate as the catalyst.
Starch phosphorylase was obtained by the method of Hanes (9) from the leaves of month-old sunflower plants grown in aerated Hoagland's solution. The enzyme preparation was taken up in 0.1 M citrate buffer (pH 6) and stored in the refrigerator. The reaction mixture was as follows: 1 ml of enzyme + 1 ml of 1 % starch + 3 ml of citrate buffer (pH 6) + 3 ml of water or boric acid (1,500 ppm boron).
After equilibrating at 350 C, 2 ml of the appropriate glucose-l-phosphate (0.1 M, 0.08 M, 0.05 M, and 0.02 M) was added. The rate of the reaction was measured by determining the rate of appearance of inorganic phosphate. Two ml of the digest was transferred to 2 ml of ice cold 10 % TCA immediately after the G-1-P was added and twice again at 15 minute intervals. A modified Lowery and Lopez (15) method was used to determine the phosphate in the TCA extract.
RESULTS

BORON DISTRIBUTION IN LEAF:
This experiment was carried out to determine whether or not there is any correlation between boron level of specific leaf areas and the expression of toxicity symptoms in these areas (5) in the case of sunflowers treated with these high dosages of boron. On a fresh weight basis there was a three-fold increase in boron from the center to the leaf edge (table I) . Since the toxicity symptoms were confined to the leaf edge there was a strong correlation between boron level and the distribution of toxicity symptoms.
OXYGEN UPTAKE 1: Leaves were harvested at 3 P.M. on April 1, 1958 , approximately 96 hours after treatment. The harvested leaves showed the same degree of toxicity symptoms as that depicted in figure la. The respiratory determinations were carried out on leaf discs from regions A and B (fig lb) and the chemical analyses were made on lyophilized material from sections A and B.
The oxygen uptakes of both sections of the treated leaves are significantly greater than those of the control leaves (fig 2) . There is no significance to the difference in oxygen uptake between A and B of the Data for the rates of respiration at 6 P.M. and 6 A.M. are presented in figure 4 . The levels of respiration are approximately the same as in the previous experiment. At both harvests, however, the difference between the treated and control leaves was only significant at the 5 % level. This lowered significance is thought to be due to the fact that the boron level in the treated leaves of this experiment is lower than in the last experiment (as indicated by the lower degree of toxicity symptoms). Again the differences in respiration would be equally significant if they were expressed on the basis of protein nitrogen rather than dry weight, for the protein nitrogen is the same in both sets of leaves.
The results of the carbohydrate analysis are shown in figure 5 . Differences between the treated and control leaves are noticeable, but again they are smaller than in the previous experiment (fig 3) plants. The fact that the carbohydrate concentration of the treated plants shows the greater increase, raises the questicn of whether the photosynthetic rate of the treated leaves is higher. It has already been noted that between noon and 8 P.M. the concentration of starch in the controls rose nmore than that in the treated plants (fig 7) . However, in the last experiment, that of the control decreased more than that of the treated during the period between 6 P.M. andl 6 A.M. (fig 5) . This data suggests that the starch content of the controls fluctuates more than that of the treated plants, and that boron possibly inhibits both the synthesis and hydrolysis of starch.
The experiments described so far, raised two more questions. First, is the same respiratory substrate being utilized by treated and control leaves ? Second. is the difference in respiration (lue to a primary effect of boron on respiration (the actual participation of boron in one or more of the reactions in the respiratory chain), or to a secondary effect (the influence of boron on the concentration of respirable substrates such as glucose) ? The first question was answeredl by determining the R.Q.'s of the leaves, and the second by findling the effect of boron solutions on the respiration of sunflower leaf (liscs.
RESPIRATORY QUOTIENT: Plants were growni in half-gallon Mason jars. The treatment solution was added at 3 P.M. on July 4 and leaves from the second( to third node were harvested at 3 P.M. on July 8. As in the last experiment, whole leaves were used in 200 nml flasks. Two replications were ma(le and the data for the oxygen uptake and R.Q. are shown in figure 8 . Since the nmagnitude of the difference in the respiration between treated and control leaves is approximately the same as in the previous experiments (figs 2, 4, and 6) this experiment is an acceptable representation of these three. There is no difference in the R.Q. of the two sets of leaves, thus suggesting they are using a similar type of respiratory substrate. Since the R.Q. is unity, the principal substrate should be a carbohydlrate.
DIRECT EFFECT OF BORON ON RESPIRATION:
Plants were grown in normal Hoagland's solution for 1 nmonth. Discs taken fronm leaves of the second to fifth nodes were infiltrated with borate solutions as previously outlinedl.
There appears to be an inverse relationship between the rate of oxygen uptake and the level of boron in the bathing solution (fig 9) . Although the differences in the respiration rates are not significant. the trend, and lack of significance were similar to that shown by Winfield (32) for tonmato roots. Dugger et al, (4) foundl a dlirect relationship between boron level and the respiration of bean leaf dliscs. However their discs were infiltrated with 4 %'-, glucose and were incubatedI for 24 hours; the effect they measured mlay be secondlary. brought about by boron's influence on carbohydrate metabolismii. hibitor of starch phosphorylase. This experi-discs with borate solutions has no effect on their rate ras repeated using starch phosphorylase isolated of oxygen uptake ( fig 9) the increased rate in the nonth-old sunflower plants. The experiment leaves of the treated plants must be a secondary effect. .rried out with 0 and 450 ppm B, and with a It seems apparent from the carbohydrate analysis of of glucose-i-phosphate concentrations. A re-these leaves that the higher rate of oxygen uptake in il plot of the velocity of the reaction and the the leaves of the boron treated plants may result from Lte concentration is given in figure 10 . The the increased level of respirable sugars in these approximately that for competitive inhibition. plants. There is some controversy in the literature neans that boron inhibits the reaction by com-as to whether boron does (4) , (20), or does not (28) , either at the active site of the enzyme or with affect respiration. This may be due to failure of icose-l-phosphate. These possibilities are con-the workers to distinguish between an actual partici- )IS'
Similarly during the dark period the fall in sugar (GLUCOSE -I -P0, CONC.) level and hence in G-1-P will have more effect on the 10. Starch Phosphorylase. A comparison of rate of starch formation in the controls. Since the iprocal plots of rate of reaction and substrate con-ratio of starch/sugar is relatively higher in the conion for a reaction mixture containing 450 ppm trols this reduction in sugar during the dark will (H,BO3) and a reaction mixture containing no initially result in a more rapid hydrolysis of starch boron.
in the control plant leaves. (30) . Khym and Cohn (14) in studying the effect of borate on the elution of sugar phosphates from chromatograms concluded that G-1-P does not complex with borate. Thus the evidence (14, 30) suggests that boron does not inhibit the formation of starch by forming a complex wxith G-1-P. This means that if the inhibition is truly competitive it must be due to boron complexing at the active site of the enzyme. Complexes between boron and protein have been reported (27. 30) . The effect of boron on pectin formation (23) may also be brought about by boron complexing with glycosidases involved in pectin synthesis.
In the thirdl oxygen uptake experiment. carried out between noon and 8 P.Al., the carbohydrate content of the treated leaves increasedc more than that of the control leaves. Baumeister (1) (4) would seem to rule out the last of these possibilities. The present work does not prove that this is a toxic effect of boron. However, it is possible that this is one of a number of reactions deleteriously effected by supraoptimal quantities of the element.
From the results of this investigation, together with the work of Mcllrath and Palser (17) on cotton, Dugger et al (4) on starch phosphorylase, and Spurr (23) on the cell wall, the author presents the folloxving hypothesis for one role of boron in plants. "It appears that boron performs a protective function in plants in that it prevents the excessive polymerisation of sugars at sites of sugar synthesis (it seems significant that the highest concentration of boron in the plant is in the leaves where sugars are being actively synthesized)." The inhibition of polymerisation results in an increased level of soluble sugars and apparently in an elevated pattern of metabolism as well as a higher rate of translocation.
This hypothesis is similar to that put forward by The elevated respiratory level of the boron treated leaves is thought to be a secondary response to boron, for infiltration of normal leaf discs with borate has no effect on their respiration.
In vitro studies using starch phosphorylase showed that boron competitively inhibits the formation of starch. It is proposed that this inhibition results from boron complexing with the active site of starch phosphorylase. It is suggested that this is only one example of a more general effect of boron on the sugar-polysaccharide balance of the plant. On the basis of this effect a hypothesis is put forward for the role of boron in plants.
ACKNOWLEDGMENTS
The author wishes to express his appreciation to Professor C. Ralph Stocking for his interest and help during the course of this study, and for his reading of the manuscript; to Professor A. S. Crafts for his encouragement during the initial stages of the investigation; to the University of California for the Fellowship in Plant Physiology, and to the Botany department at Davis for the laboratory facilities.
